The Hofmann elimination of ammonium ions having a single positive charge is demonstrated to exhibit stereospecificity with regard to expulsion of neutral alkene. For the 3-hexyl series of threo and erythro 4-monodeuterated ions (3-hexylammonium ion; N,N,N-trimethyl-d 3 -3-hexylammonium ion; N-ethyl-3-hexylammonium ion; N-methyl, N-ethyl-3-hexylammonium ion; N,N-dimethyl, N-ethyl-3-hexylammonium ion), the upper limit of the E:Z ratio of the expelled alkene (r) approaches 2 (the stereospecificity) with a deuterium isotope effect close to 2.0, although the effects of isotopic substitution diminish the E:Z ratio somewhat. Two fragmentations compete with that reaction: hydride shift (which gives the same products but with hydrogen scrambling) and loss of a neutral amine to give an alkyl cation. These competing reactions render our calculation approximate, but the results suggest a value not too far from the upper limit.
The Hofmann elimination, known for more than a century and a half, can proceed by a variety of mechanisms.
1-3 Quaternary ammonium salts react with base, expelling tertiary amines plus a proton to yield alkenes, as illustrated by the example in equation (1). The hydroxide salt of ion 1 gives a reported 5:4 Z/E isomer ratio. 4, 5 Detailed studies provide evidence that, in solution, Hofmann elimination operates via syn and anti-pathways in competition with one another. 2, 3 (1)
Nearly 30 years ago, Reiner et al. 6 reported the competition between the gas phase Hofmann elimination and other unimolecular reactions in the mass spectrometer. Recently, researchers at Merck 7 have described Hofmann eliminations from dipositive ions (also in the mass spectrometer), which generates singly charged ions from in-source fragmentation. This latter report prompts us to report the stereospecificity of the Hofmann elimination, as characterized by collisionally activated decomposition (CAD) of singly charged ions.
In principle, added base is not required to drive the reaction. When the trimethylammonio group is attached to the b-position of a carboxylic ester, elimination takes place spontaneously at physiological pH. [8] [9] [10] With respect to equation (1), the conversion of 1 to E-2-pentene in the gas phase is calculated by theory (B3LYP/6-31G**) to be endothermic by ÁH & 30 kJ mol À1 at 300 K. The translational entropy change is more than sufficient to compensate. At 1 atm pressure, the TÁS term from that contribution alone, & À48 kJ mol À1 , makes ÁG < 0 (without including the aggregate change in rotational and vibrational entropy, which contributes nearly À20 kJ mol À1 in addition). (2) Gaseous analogues of the Hofmann elimination remain a focus of interest. A study of trimethylamine loss from acetylcholine (a well-known biological reaction) indicates that the reaction takes place via neighboring group participation in the gas phase, as drawn in equation (2) for a deuterated analogue, and passes through a transient ion-neutral complex (the species in brackets). This unimolecular dissociation partitions between loss of trimethylamine (the upper pathway in equation (2)) and expulsion of trimethylammonium. While the latter path looks like Hofmann elimination, isotopic labelling demonstrates the intermediacy of an internally bridged ion, 8 whereby the itinerant proton comes from a site remote from the nitrogen in the starting material, as shown in equation (2) .
The lower pathway in equation (2) represents an excellent example of a stepwise, gas-phase dissociation that proceeds via an ion-neutral complex. The C-N bond breaks to form an intermediate held together by electrostatic forces, analogous to an ion pair in solution. Characteristics of such a reaction include rotation of the bridged ion (called reorientation) 14 needed to achieve the D þ transfer to the nitrogen in the second step. Cationic rearrangements represent another hallmark of complex-mediated reactions. If equation (1) operated only via concerted 1,2-elimination in the gas phase, the isotopic analogue in equation (3), 1-d 4 , would yield only (CH 3 ) 3 ND þ (in competition with C 5 H 7 D 4 þ ). Tandem mass spectrometry (MS/MS in a triple quadrupole) of electrosprayed ions (ESI) tests this hypothesis. In the present MS/MS experiments, CAD using argon target gas shows that the (CH 3 ) 3 NH þ ion also forms, with abundances one-quarter to one-third as great as (CH 3 ) 3 ND þ (depending on collision energy). That result suggests intermediate ion-neutral complexes, in which the originally created 3-pentyl cation undergoes a deuteride shift to interconvert with 2-pentyl cation prior to proton transfer to the neutral amine. Such an outcome agrees with previous MS/MS studies of amine conjugate acid ions. 15, 16 Unimolecular dissociations of gaseous ammonium ions have been studied by CAD for four decades. 6, [17] [18] [19] [20] Alkene elimination is seen at the lowest accessible collision energies. This presents an opportunity to explore stereochemistry of the Hofmann elimination without having to consider interactions between the base and the quaternized salt, which render syn and anti-transition states comparable in energy. 2, 3 The absence of base in the gas phase also makes it possible to look at protonated amines in addition to quaternary ammonium ions.
The present study assays stereospecificity of elimination from gaseous ammonium ions derived from racemic 3-hexylamine. Just as in equation (3), deuterium labeling shows that the reaction does not take place exclusively via vicinal hydrogen transfer. Yet, the elimination reaction still displays measureable stereospecificity.
Substrates of interest include the diastereomerically deuterated ammonium ions drawn in Schemes 1 and 2. Bailey and Saunders 2 reported a heroic study of solution-phase eliminations from the trimethylammonium ions derived from the erythro and threo diastereomers of 3-aminohexane-4-d 1 , in which they assessed the distribution of isomeric hydrocarbon products as a function of base as well as their deuterium content. The work here describes unimolecular dissociations using the same hydrocarbon system, as Schemes 1 and 2 depict. While the neutral products are very difficult to analyze in the gas phase, measurement of deuterium content of the product ammonium ions is straightforward. Because the gas phase elimination is unimolecular and does not involve a basic anion, the outcome lends itself to a simpler interpretation than do the reactions in solution.
Stereospecifically deuterated 3-hexylamines were prepared from E and Z-3-hexene by epoxidation, LiAlD 4 reduction, tosylation, S N 2 displacement with azide, and LiAlH 4 reduction to give the threo and Scheme 2. Competing pathways for the fragmentation of erthryo and threo secondary, tertiary, and quaternary ammonium ions. erthyro amines, respectively. Exhaustive methylation with CD 3 I gave the quaternary ammonium ions in Scheme 1, which were studied using CAD (as above). The ratios of H-transfer to D-transfer do not vary significantly with collision energy from 8 to 15 eV, but a substantial difference is observed between the ratios for the threo and the erythro ions, (CD 3 ) 3 NH þ :(CD 3 ) 3 ND þ ¼ 4.9 AE 0.25 for threo and 8.0 AE 0.80 for erythro ions. The monoethylated compounds in Scheme 2 were prepared by reacting the threo or erythro primary amines with acetaldehyde followed by reduction with LiAlH 4 followed by methylation.
To gauge the consequences of substituting nitrogen to different extents, the series drawn in Scheme 2 was investigated, too. Because protonated N-methyl-3-hexylamine ions give a much higher yield of hexyl ions than of CH 3 NH 3 þ from CAD, the N-ethyl-3-hexylamine series was chosen. Table 1 summarizes the most abundant ions formed from unimolecular decompositions in an MS/MS study of secondary, tertiary, and quaternary ammonium ions. In addition to those ions, hydride abstraction within the ion-neutral complex gives rise to a small amount of immonium ions from expulsion of hexane (m/z 72 from 5e and 5t).
Three features are apparent from the data. First, the increased level of D-transfer in the threo series relative to the erythro is consistent with syn-elimination that prefers to yield an E alkene (or, much less plausibly, anti-elimination that prefers to give a Z alkene). Second, the proportions of D-transfer relative to H-transfer do not vary a great deal in going from the protonated secondary amines (3) to the protonated tertiary amines (4) to the quaternary ions (5), nor do these proportions display much change as a function of collision energy.
Finally, the relative rate of fragmentation to deuterated hexyl ions (as compared to that leading to ammonium ions) decreases dramatically as substitution at nitrogen is increased. By contrast, increasing the collision energy from 8 V (where the ions from CAD represent only 3-4% of the intensity of the parent ion) to 15 V (where the largest CAD fragment is roughly twice as intense at the parent ion peak) exerts only a small effect on the relative abundance of hexyl ions, and no consistent effect is seen over the substitution sequence.
If the eliminations in Scheme 1 proceeded without any isotopic transposition, it would be possible to estimate the E:Z ratio of 3-hexenes for ions derived from unlabeled 3-aminohexane (assuming the same yield and geometrical isomer ratio of the 2-hexenes produced concurrently) from the data in Table 1 . Supposing a primary isotope effect in Scheme 1 (with a negligible secondary isotope effect), the results from 5 e and 5 t would correspond to an E:Z ratio around 5:3 (assuming syn elimination) along with an isotope effect close to k H /k D ¼ 2.0. As noted below, this gives an upper bound to the isotope effect.
Deuterium transposition affects these estimates. As in equation (3), the d 4 analogues in Table 1 should have yielded only D transfer if the isotope does not transpose. The tabulated experimental values exhibit H transfer from one-quarter to two-thirds as abundant as D-transfer. That is to say, as in equation (3), the itinerant hydrogen can come from elsewhere besides the positions b to the nitrogen. The extent of isotopic transposition increases with collision energy.
The stereospecificity of hexene elimination can be gauged by dividing the [
] ratio for the erythro diastereomer by the ratio for the threo. This quotient provides a figure of merit, r, for Table 1 . Product ion abundance ratios from CAD (collisionally activated dissociation of erythro (3e-5e), threo (3t-5t), and tetradeuterated ions. assessing specificity. [21] [22] [23] For all three systems 3-5 in Table 1 , this figure of merit has a value r ¼ 1.9 at 8 V, slightly less than the value for ESI-CAD of a different pair of 4-d 1 -3-hexyl diastereomers 23 (r ¼ 2.2), where ion-neutral complexes do not intervene. Isotopic transposition might explain the lower value of r in the present case. The r value decreases slightly with collision energy (r ¼ 1.7 for 3 and 4, r ¼ 1.8 for 5 at 15 V) at the same time as the extent of deuterium transposition in the d 4 analogues increases. Increased scrambling could also account for the diminution of r with collision energy.
The results suggest a simple mechanism. Heterolysis of the C-N bond either expels neutral amine to yield a free alkyl cation or else forms an ion-neutral complex. Once formed, as equation (3) Complete deuteration of the b-positions increases alkyl ion abundance at the expense of Hofmann elimination. With those data in mind, replacing the N-ethyl by a N-neopentyl helps to evaluate the effect of deuteration on the relative rates. Isotope effects for unimolecular ion fragmentations exhibit almost no sensitivity to internal energy. 24 Prior work shows that protonated neopentylamines (6) (7) (8) decompose to yield the two products of path ii in Scheme 3 via ion-neutral complexes. 16 Since deuterating the 3-hexyl group ought not to affect those combined rates, the yield of C 5 H 11 þ plus protonated 3-hexylamine provides a standard for gauging the rate of path i (the sum of the conjugate acids of neopentylamine from H þ or D þ transfer, immonium ions via hydride abstraction, and hexyl ions).
Using path ii as a reference, comparison of the protonated secondary amines 6 vs. 6-d 4 displays a small inverse isotope effect for path i, k H /k D ¼ 0.95 AE 0.03, at both 8 V and 15 V. That result is not consistent with a 4-center elimination pathway, for which a primary isotope effect should dominate. At 8 V, the protonated tertiary amines 7 vs. 
